An attempt is made to model the corrosion effects experienced by zinc and zinc-aluminium coating alloys in contact with conductive, chloride containing aqueous electrolytes. 3D predictions of localized corrosion of zinc alloy coatings are made using a control-volume finite difference approach, where an irregular structured mesh is employed. The model deals with the movement of multiple evolving conserved concentration fields. Perturbations in concentration are used to determine the conditions at an exposed surface, in addition to influencing any processes operating. The effect of coupled-materials and electrolyte present on the progression of localized corrosion processes is calculated using established relationships and experimentally derived data.
Introduction
As the cost of corrosion processes accounts for ca 5% GDP of the developed nations, it is no wonder that a great deal of interest exists in protecting the world's infrastructure and durable goods. The use of steel in many applications means that the protection of these goods/structures against the deleterious effects of corrosion processes is of considerable concern. For in excess of a century, zinc has played a major role in the efforts of corrosion scientists and engineers to protect steel against corrosive attack. The use of zinc and its alloys in this respect derives from its ability to provide both barrier and sacrificial protection to the electrically-connected steel.
Zinc may be used in a completely sacrificial capacity, although it is more commonplace to coat a substrate (predominantly strip steel) either via electroplating or more commonly via hot-dip methods. The hot-dipping process consists of the continuous-feeding of a steel strip through a molten zinc alloy. The composition of this alloy, the processing conditions [1] and the complex bath chemistry taking-place ultimately lead to the formation of widely varying microstructures observed for the different Zn alloys produced. For example, a common addition the hot-dip bath is Al that can be added at low levels during the production of ordinary galvanized steels and an increased level (eutectic composition) of ~4.5wt.% Al for a Galfan-type alloy. An increase to 55wt.% Al produces a Galvalume ZnAl alloy, all of which exhibit different microstructures owing to the processes taking place prior to, during and post hot-dipping, e.g. reaction-diffusion at the solid-liquid interface. Other factors such as texture [2] play a role in the corrosion performance, although these are not considered here. Further additions to the bath modify the microstructure further, leading to a wide variety of Zn alloy steel coatings with characteristic corrosion properties.
There is significant interest in the corrosion performance Zn-Al alloy coated steel in the service environment. To this end many attempts to assess the degradation experienced in aqueous and atmospheric [3] environments over different timescales are made. Scanning electrochemical techniques [4] and impedance spectroscopy [5] are often employed in order to predict the degradation of a Zn alloy coating in an aggressive chloride-containing electrolyte in order to elucidate the corrosion behaviour in the service environment. The focus of this paper is an attempt to model the corrosion behaviour of Zn/ZnAl coatings in 5% NaCl solutions: typically used in accelerated testing using the scanning vibrating electrode technique (SVET). This permits validation of the computer model using experimentally determined data.
This paper outlines an attempt to model the localized dissolution of zinc from zinc and zinc-aluminium alloy coatings used in the protection of steel. Developed from a metallurgical standpoint, the aim is to quantitatively predict the ionic evolution of multiple species from the coating layers as well as the temporal changes in electrical potential in the electrolyte brought about by metallic dissolution. In order to capture the dominant processes taking place during the dissolution from the steel coatings and the effects of the microstructures present, the model has been developed at the micro-mesoscale. A 3D irregular orthogonal grid is used to represent the solid and liquid phases present. Finite difference calculations of potential and concentration are performed on this structured mesh, thus predicting the localized dissolution from the coating layers of interest using established electrochemical relationships.
Dissolution modelling in aqueous NaCl
The algorithm presented is an extension of a first order model developed previously, whereby the evolving ionic concentration was approximated by the changes in effective free proton concentration [6, 7] . All simulations are performed at pH neutral conditions and are isothermal at 298K.
Computational domain
As previously stated, the model is designed to operate at the micro-mesoscale. A 3D irregular structured orthogonal mesh is used to represent steel and coatings in contact with an electrolyte using a typical area of exposure of about 1mm The representation of the microstructure is entirely synthetic and a near eutectic composition of Zn -4.5wt.% Al is used, since the intermetallic formation in this hot-dip coating is limited. The microstructure of this Galfantype coating is one of primary zinc crystals within a ZnAl eutectic that contains approximately 5wt.% Al.
Metallic dissolution
The basis of the model is the removal of metallic constituents from the coating layers via equation 1. This then brings about concentration perturbations, altering the surface/bulk electrolyte conditions and thereby the cathodic protection offered to the steel.
The assumption is made that any dissolution taking place is fully supported cathodically by oxygen reduction (equation 2). Anodic and cathodic sites are determined at the solid/liquid interface according to the phases in contact with the liquid. At the beginning of each iteration, the exposed areas of each phase are assessed in order to determine any galvanic effects present, in addition to determining whether the interfacial areas are acting in an anodic or cathodic manner.
Electrode potential
An electrode potential is calculated for all liquid sites adjacent to solid phases using the Nernst equation.
where E 0 is the standard electrode potential (V), R is the universal gas constant (Jmol ) of the oxidized and reduced species respectively. If the site resides next to an anodic site (zinc rich phase) then the standard electrode potential for that metal would be used and the oxidized species would be the concentration of metal cations present. Conversely, if the site is adjacent to a material predicted to behave cathodically, then the standard electrode potential for oxygen reduction in neutral conditions is used and the relative amounts of OH -and O 2 is taken into account. Should a liquid site be bounded by both anodic and cathodic material then the electrode potential is taken as the weighted geometric mean of all the faces in contact with conductive solid.
Interface potential and corrosion rate
The electrical potential is calculated throughout the metallic solid present using a cell-centred control-volume finite difference approach to solve the Laplace equation to describe the steady-state voltage fields.
Where κ is the electrical conductivity (Ω -1 m -1 ). The electrode potential is used as a fixed boundary condition at the exposed faces of the simulated solid and insulation conditions are applied to all other sides. A harmonic mean is used at the solid-liquid interface to determine the conductivity at these sites,
Next, the voltages of the liquid sites at the solid-liquid interface are determined using the voltages in neighbouring solid sites, weighting each value according to interfacial area. These voltages are then used as Dirichlet boundary conditions in determining the steady-state electrical potential field throughout the electrolyte using the Laplace equation (4), assuming uniform conductivity. Again, insulation conditions are applied at all other sides of the mesh.
Having determined those phases that will act anodically and the potentials experienced at the interface, a decision is made as to what amount of material may be removed from each anodic site. This is calculated from experimentally derived data using the rotating disc electrode technique, which relates potential to current density. The local potential in the Neumann neighbourhood of an anodic site is calculated, giving a current density that is used to estimate the dissolution from the site using the area of contact. The cumulative total of electrons to be transferred during dissolution, M A , is given by,
where l is the number of sites corroding, f i is the volume fraction of the cell that is permitted to transform at that potential, n is the number of electrons to be transferred in the oxidation of a phase, ρ i is the density (kg.m -3 ) and M r is the molecular mass (kg.mol -1 ) of the phase.
Cathodic capacity
Assuming that the anodic dissolution taking place is fully supported cathodically by the reduction of oxygen, equation 2, it is necessary to calculate the amount of oxygen that is available to the cathodic sites. This is the amount of oxygen that is within the diffusion length from the solid liquid interface. In our case the oxygen that is considered to be available for the cathodic processes occupies a position in the y direction from the surface that satisfies equation 7.
where D is the diffusivity of O 2 (m 2 s -1 ) and ∆t is the time increment (s). The maximum amount of dissolution that can be supported can thus be calculated, which may result in a scaling down of the anodic processes taking place. Once the amount of material removed is determined, the volume fraction of the cells is updated, along with concentration increases made to these cells in terms of cation and OH -at anodic and cathodic sites respectively. Decreases in dissolved oxygen levels at the cathode surface are considered later in the algorithm.
Corrosion product deposition
Corrosion products are deposited at the surface of the simulated solid within arbitrary voltage tolerances and to an equivalent of 5% of the volume corroded within a time increment.
This is done to follow the processes outlined in equations 8 and 9, whereby the metal cations, predominantly Zn 2+ , emanating from dissolution events taking place on the coating layers rapidly undergo hydrolysis reactions to produce a hydroxide film in solution. This is characterized in the model by a decrease in [M n+ ], an increase in [H + ] and the assignment of a value for volume fraction of a liquid cell occupied by corrosion product (p). This is distributed evenly amongst those cells that satisfy the tolerances arbitrarily set out in the model.
Mass transport
The evolution of all of the concentration fields in the 5% NaCl solution is carried out in the model using equation 10, describing the ordinary diffusion (left-hand term) and migration effects (right-hand term) experienced by a charged particle in an electrical field. 
The diffusion coefficient of each species is altered at electrolyte sites containing corrosion products by,
Clearly, if p reaches unity then this cell becomes a complete barrier to diffusion. Convection is assumed to be negligible throughout the electrolyte and movement of dissolved oxygen is considered only with respect to Fickian diffusion effects. The concentration fields are calculated iteratively using a cell-centred finitedifference method [8] . During this procedure the dissolved oxygen content of the cells adjacent to cathodic sites is continually reduced until the amount necessary to facilitate the preceding anodic dissolution is reached. After this is achieved, ordinary diffusion proceeds without the removal of any O 2 concentration. During the diffusion calculation insulation boundary conditions are applied at the solidliquid interface and sides of the mesh, the top of the mesh is fixed at the initial concentration.
In order to maintain the equilibrium of the ionization of water, a procedure is undertaken post-diffusion and/or migration. This is to ensure that the corresponding [H + ] and [OH -] fields are such that the ionic product remains 10 -14 , This procedure is carried out as to return the concentration fields to equilibrium, although still allowing fluctuations in local pH.
Results and discussion
The results presented here are representative of those obtained from the model when simulating the destruction of synthetic microstructures in 5% NaCl solutions. Concentration fields for evolving species characteristic of the anodic and cathodic processes are depicted. The normalized form of current density fields shown, taken from the steady-state voltage fields, agree with numerical solutions [9] . 
Simulation of corrosion on pure zinc
In contrast to hot-dipping, electroplating a steel substrate (EZ) yields a virtually pure layer of zinc, effectively absent of spatial variations in microstructure. Figure 1 shows the movement of anodic current densities across the surface of EZ-coated steel, which is proportional to the corrosion taking place at the surface of the simulated solid. Since the time between sequential maps is relatively small, this indicates that the location of anodic dissolution in this case is determined by the instantaneous local fluctuations in cation concentration. In addition to this the location of the cathodic activity is influenced by the differential aeration experienced across the coating.
Influence of Hot-Dip Zn -4.5wt.% Microstructure
The microstructure of a Galfan coating consists of primary zinc dendritic regions within ZnAl eutectic. In constructing this microstructure in the model the anodic and cathodic sites can be seen to occur at preferential sites across the solid-liquid interface, shown in figure 2. The anodic actions operating across the coating layer remain in the same position throughout the simulation whereas the cathodic potentials appear to be the subject of some flux, highlighting the availability of oxygen plays a major role in the predictions made by the model. The assumption can be made that within the model the anodes (primary zinc phase) will continue to be the subject of anodic attack until either these dendrites have been removed or the ingress of electrolyte is prevented by corrosion product formation.
The simulation of the cut-edge corrosion of a Galfan-coated-steel -steel substrate with 25µm coating on either side -can be seen in figure 3 . In this case the steel substrate can be seen to become the site dominant for cathodic oxygen reduction, thus a depletion of the oxygen field can be seen over this area in figure 3 (right). The primary zinc phase can still be seen to be the area of the most intense anodic activity (shown by local cation releases shown in left-hand side of figure 3 ). In cut-edge corrosion simulations, the eutectic phase is also subject to some dissolution due to calculated galvanic effects in the model, albeit to a lesser degree.
Figure 2:
Electrical potential throughout the 5% NaCl solution in contact with Zn -4.5wt.% Al coating after 7 (left) and 12 (right) hours. Evolved cation (left, inverted) and dissolved oxygen (right) concentration fields (mol.dm -3 ) after 9.6 hours above a Galfancoated steel cut-edge. (1mm cut-edge length).
Effect of magnesium addition
For an Al composition of 4.5wt.%, small Mg additions increase the volume fraction of primary zinc phase. (A 0.04% Mg addition yields a primary volume fraction equivalent to 18%, compared to 6% without Mg). Figure 4 shows the current density fields 100µm above the coating surface in aqueous NaCl, which suggests that the coating layer with the higher primary Zn fraction experiences a higher frequency of anodic attack at a higher intensity. This is not unexpected since the greater area of primary zinc exposed would give a higher corrosion rate. 
Conclusions
The localized corrosion effects experienced by pure zinc and Galfan-coated steel have been simulated. 3D conserved concentration fields are used to predict the electrical conditions in 5% NaCl solution, which are related to experimentally derived data to predict material losses from Galfan coating layers in this aqueous environment. The form of the current density fields, along with predicted zinc losses from coating layers compares favourably with short-term experimental testing.
